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Interferon (IFN)-γ, a cytokine with antiviral, immunomodulatory, and antiproliferative activities, 
has been extensively studied as a treatment for many diseases, such as viral infections, allergic diseases and 
cancer. However, a major limitation of IFN-γ-based therapy is the short in vivo half-life of IFN-γ. Therefore, 
IFN-γ gene transfer has been considered to be a promising method to overcome this limitation because, 
theoretically, it should be able to extend the duration of action of the short-lived cytokine. 
Previous studies in my laboratory showed that the removal of unmethylated 
cytosine-phosphate-guanine (CpG) dinucleotides from plasmid DNA prolonged the plasmid-mediated 
transgene expression. A single injection of pCpG-Muγ, a CpG depleted plasmid DNA encoding murine 
IFN-γ, via tail vein using hydrodynamic injection method resulted in prolonged therapeutic serum 
concentrations of IFN-γ over 1 month. This sustained transgene expression of IFN-γ could be used as a new 
therapeutic strategy for chronic diseases, but no such attempts have been made thus far. Therefore, in this 
thesis, I aimed to investigate the beneficial effects of sustained exogenous expression of IFN-γ in treating 
atopic dermatitis and cancer in mouse models. 
In Chapter I, NC/Nga mice, a model of human atopic dermatitis, at two different stages of the 
disease were used. In Section 1, NC/Nga mice without dermatitis, which represent ones at a stage before the 
onset of the disease, were used to study the effects of IFN-γ gene transfer in preventing atopic dermatitis. 
The mice were injected with pCpG-Muγ or pCMV-Muγ, a conventional short-term IFN-γ-expressing 
plasmid, into the tail vein using hydrodynamic injection method to, first, examine the importance of the 
duration of action of IFN-γ in regulating the balance of T helper (Th) cell subsets (Th1 and Th2) in NC/Nga 
mice. Then, it was examined whether the sustained supply of IFN-γ is necessary for preventing the onset of 
the disease development. In Section 2, NC/Nga mice with early phase of dermatitis were used to investigate 
whether the sustained IFN-γ expression is effective in ameliorating or treating the symptoms of the disease.  
In Chapter II, the beneficial effect of sustained expression of IFN-γ in treating cancer was 
investigated. Because it has been reported that IFN-γ induces the expression of indoleamine 2,3-dioxygenase 
1 (IDO1), a tryptophan-metabolizing enzyme involved in the induction of tumor immune tolerance. 
Therefore, the Lewis lung carcinoma (LLC) tumor-bearing wild-type and IDO1 knockout mice were used to 
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Sustained expression of IFN-γ  ameliorates the development of  
atopic dermatitis 
I-1-1 Introduction 
 The number of patients with allergies, including those with asthma, pollinosis, and atopic 
dermatitis, has been increasing in recent decades, especially in developed countries. Atopic dermatitis, one of 
the most common allergic diseases, is a chronic inflammatory skin disorder accompanied by particular skin 
lesions. The main characteristics of atopic dermatitis are eczematous skin lesions, epidermal hypertrophy, 
intense pruritus and infiltration by inflammatory cells. Increased serum immunoglobulin (Ig) E and an 
excessive production of T helper (Th) 2 cytokines are also frequently observed in patients with atopic 
dermatitis. It is believed that this disorder is associated with the imbalance of Th lymphocyte subpopulations 
(Th1 and Th2), which play major roles in the immune response [1]. Under normal conditions, the 
differentiation of naive T cells to Th1 and Th2 lineages is regulated by cytokines that are secreted from 
various cells, including themselves, and the Th1/Th2 balance is maintained. However, in atopic dermatitis, 
the balance shifts to Th2 dominance. This eventually leads to excessive Th2 cytokine production. Th2-like 
immune responses play an important role in the pathogenic mechanism of atopic disorders, because Th2 
cytokines mediate excessive IgE production, a major cause of atopic inflammation [2-5]. 
 Nishiki-nezumi Cinnamon/Nagoya (NC/Nga) mice are a mouse model of human atopic dermatitis. 
These mice spontaneously develop atopic dermatitis-like skin lesions around the age of 6 to 8 weeks when 
raised under conventional housing conditions but not under specific pathogen-free conditions. The skin 
lesions of conventional NC/Nga mice are characterized by erythema, hemorrhage, edema, erosion, scaling 
and dryness of the skin. Hyperproduction of IgE and Th2-type chemokines have also been reported in these 
mice. These clinical features are similar to those of human atopic dermatitis [4, 6-8]. 
 IFN-γ, a Th1 cytokine, inhibits the differentiation of naive T cells to Th2 cells, as well as the 
production of Th2 cytokines from Th2 cells. Thus, IFN-γ has been considered to be capable of correcting the 
Th1/Th2 imbalance and is effective in the treatment of diseases in which the balance is impaired, such as 
atopic dermatitis [9]. Despite such positive features, few attempts have been made to use IFN-γ as a 
pharmaceutical agent for the treatment of atopic dermatitis [10-13]. This is mainly due to the fact that IFN-γ, 
as well as other IFNs, has a short in vivo half-life, and multiple injections are required to maintain its 
concentration at levels high enough to prevent dermatitis [14]. 
 Several approaches have been developed to extend the duration of the therapeutic effects of 
biologically active proteins. Extension of the in vivo half-life of proteins can be achieved by using controlled- 
or sustained release systems [15-18] or by chemical modification of proteins [19-21]. Pepinsky et al. [22] 
demonstrated that the high clearance of IFN-β-1a was reduced by PEGylation, and its increased systemic 
exposure resulted in better antiviral effects. PEGylated IFN-α in combination with an antiviral drug, ribavirin, 
is now a standard treatment for hepatitis C virus-induced chronic hepatitis. The increased half-life of IFNs 
obtained by PEGylation has greatly increased their therapeutic efficacy. In addition to these challenges, gene 
delivery is an option to increase the in vivo half-life of therapeutic proteins, including IFNs. Previous studies 
in my laboratory demonstrated that the depletion of CpG motifs in plasmid vectors is an effective approach 




plasmid DNA, pCpG-Muγ, which contains no CpG motifs except for those in the cDNA region was also 
developed [25]. A single hydrodynamic injection of pCpG-Muγ resulted in a high and sustained IFN-γ 
concentration in the serum over 1 month in healthy ICR mice. However, little is known about how such a 
sustained transgene expression of IFN-γ influences the Th1/Th2 balance under Th2-dominant conditions. 
 In this section, I injected pCpG-Muγ into a human atopic dermatitis model (NC/Nga mice), to 
achieve a sustained transgene expression of IFN-γ. A conventional CpG-replete plasmid vector expressing 
IFN-γ, pCMV-Muγ [24, 26], was also used for comparison to examine the importance of the duration of 
transgene expression on the immunological changes induced by IFN-γ gene transfer. The expression profile 
of IFN-γ was first examined in NC/Nga mice, and the effect of the expression on the level of interleukin 
(IL)-4, -5, -10, -12, -13, -17, and thymus and activation-regulated chemokine (TARC) was evaluated. Then, 
skin lesions, the intensity of scratching behavior, transepidermal water loss (TEWL), the thickness of the 
epidermis, and the infiltration of the skin by inflammatory cells were evaluated.  
 
I-1-2 Materials and Methods 
 
Animals  
 Five-week-old male C57BL/6 mice and 6-week-old male NC/Nga mice that were raised under 
conventional conditions, but had not developed dermatitis, were purchased from Japan SLC (Hamamatsu, 
Japan) and maintained on a standard food-and-water diet under conventional housing conditions. The 
protocol for the animal experiments was approved by the Animal Experimentation Committee of the 
Graduate School of Pharmaceutical Sciences, Kyoto University. 
 
Plasmid DNA 
 Two types of IFN-γ–expressing plasmid vectors developed in my laboratory were used: 
pCMV-Muγ, which was constructed by inserting a murine IFN-γ cDNA fragment into the BamHI site of 
pcDNA3 (Invitrogen, Carlsbad, CA) [26], and pCpG-Muγ, which was constructed by inserting the 
BglII/NheI IFN-γ cDNA fragment amplified by PCR from the pCMV-Muγ into the BglII/NheI site of 
pCpG-mcs (InvivoGen, San Diego, CA) [25]. 
 
In vivo gene transfer of IFN-γ 
 Naked plasmid DNA dissolved in isotonic saline solution was injected into the tail vein of mice 
over 5 sec on day 0 [27, 28]. To adjust the peak level of the IFN-γ concentration after gene transfer, the 
plasmid dose was fixed at 0.05 and 4.68 pmol/mouse for pCpG-Muγ and pCMV-Muγ, respectively, based on 
preliminary experiments. pCMV-Muγ was injected twice at an interval of 1 week (days 0 and 7). The body 
weight and temperature of mice were measured to assess the adverse effects of IFN-γ gene transfer. 
 
Measurement of concentration of IFN-γ, IgE, and IL-4, -12, and -13 
 Blood samples were obtained from the tail vein at indicated times after gene transfer, kept at 4°C 
for 2 h to allow clotting, and then centrifuged to obtain serum. Dorsal skin tissue was homogenized in PBS 
containing protease inhibitors (protease inhibitor mixture; Sigma-Aldrich, Munich, Germany) and then 
centrifuged for 30 min at 12,000 × g. The concentration of IFN-γ, IgE, and IL-4, -12, and IL-13 in the serum 
or supernatant of skin homogenate was measured using ELISA kits (Ready-SET-Go! Mouse IFN-γ, IL-4 and 




CA) according to the manufacturer`s instruction. 
 
mRNA quantification 
 Total RNA was extracted from approximately 100 mg spleen or skin sample using Sepasol RNA I 
Super (Nacalai Tesque, Kyoto, Japan). The total RNA was cleaned up using an RNeasy mini kit (Qiagen, 
Hilden, Germany). Reverse transcription was performed using a SuperScript II (Invitrogen) and oligo (dT) 
primer, according to the manufacturer's protocol. For a quantitative analysis of mRNA expression, real-time 
PCR was carried out with total cDNA using a LightCycler instrument (Roche Diagnostics, Basel, 
Switzerland). The oligonucleotide primers used for amplification are listed in Table 1. Amplified products 
were detected online via intercalation of the fluorescent dye SYBR green (LightCycler-FastStart DNA 
Master SYBR Green I kit, Roche Diagnostics, Indianapolis, IN). The cycling conditions were as follows: 
initial enzyme activation at 95°C for 10 min, followed by 45 cycles at 95°C for 10 sec, 60°C for 5 sec, and 
72°C for 20 sec. The mRNA expression of genes of interest was normalized using the mRNA level of 
β-actin. 
 
 TABLE 1. Primer sequences for quantitative RT-PCR. 
Gene Forward primer (5’→3’) Reverse primer (5’ →3’) 
Mouse β-actin gcaccacaccttctacaatgag ttggcatagaggtctttacgga 
Mouse IL-12 catcgatgagctgatgcagt cagatagcccatcaccctgt 
Mouse IL-4 gcttttcgatgcctggattc gctttccaggaagtctttcagtg 
Mouse IL-5 agagaagtgtggcgaggagaga cattgcccactctgtactcatca 
Mouse IL-10 ttgccaagccttatcgga ttctgggccatgcttctct 
Mouse IL-13 cagctccctggttctctcac ccacactccataccatgctg 
Mouse IL-17 tccagaaggccctcagacta agcatcttctcgaccctgaa 
Mouse TARC agtggagtgttccagggatg gtcacaggccgctttatgtt 
 
Scoring skin lesions 
Skin lesions were scored at indicated times after gene transfer, according to the criteria of Matsuda 
et al [7]. The scoring was based on the severity of eczema, erosion/excoriation, scaling, 
erythema/hemorrhage, inflammation of the face, and inflammation of the ear. The total clinical skin severity 
score was defined as the sum of each of the six signs (none = 0; mild = 1; moderate = 2; and severe = 3). 
 
Observation of scratching behavior 
 On days 7, 14, and 35, scratching behavior was monitored using SCLABA Real (Noveltec, Kobe, 
Japan), an automated system to analyze the scratching behavior of small animals. Each mouse was put into 
an acrylic cage, and the behavior of the mice was recorded for 30 min. The number of episodes and the 
duration of scratching behavior were automatically quantified. In a different set of mice, the scratching 
behavior was recorded on video for 1 hr on days 7, 14, 35, and 84. The videotape was played back at a later 
time, and the number of scratching episodes was counted manually. A series of scratching behaviors, starting 
with the stretching of the hind paws to the head, face, or back and ending with the set-back of the paws, was 
counted as one bout of scratching [29]. 
 




 TEWL was measured using a VAPO SCAN (AS-VT 100RS, Asahi Biomed, Yokohama, Japan) on 
the shaved back of mice. 
 
Analysis of skin sections  
 The dorsal skin of the mice was excised, fixed in 4% paraformaldehyde, and embedded in paraffin. 
Then, 4 µm-sections were made using a microtome and stained with H&E for histological evaluation or with 
toluidine blue to detect mast cells. The numbers of lymphocytes, eosinophils, and mast cells on H&E-stained 
sections (lymphocytes and eosinophils) or toluidine blue-stained sections (mast cells) were manually counted 
under a microscope and expressed as the number per unit length of skin section. 
 
Effect of IFN-γ gene transfer on 2,4,6-trinitrochlorobenzene-induced dermatitis 
 To assess whether IFN-γ gene transfer increases the risk for contact dermatitis, C57BL/6 mice 
were sensitized by painting 25 µl 3% 2,4,6-trinitrochlorobenzene (TNCB) in acetone/olive oil (4:1) on the 
shaved abdomen (day 0). pCpG-Muγ was injected by the hydrodynamic injection method to TNCB-treated 
mice 1 day before or 7 day after the TNCB treatment, at a dose of 0.14 µg/mouse. On day 5, the thickness of 
the ear was measured with a Quick Mini thickness gauge (Mitutoyo, Tokyo, Japan). Then, 20 µl 1.5% TNCB 
solution was applied to the surface of the ear. The thickness of the ear was measured again 24 h after the 
second application (challenge), and ear swelling was evaluated by the difference in the thickness before and 
after the challenge. 
 
Effect of IFN-γ gene transfer on TEWL in tape stripping- and TNCB-induced dermatitis models 
 C57BL/6 mice were shaved on their dorsal skin on day 0 and injected with pCpG-Muγ (0.14 
µg/mouse) or saline by the hydrodynamic injection method on the same day. Mice were repeatedly treated 
with 50 µl 1% TNCB dissolved in acetone/olive oil (4:1) to the shaved skin on days 1, 8, 11, and 13. In a 
separate experiment, the dorsal skin of C57BL/6 mice was tape stripped on days 1 and 8 and injected with 
pCpG-Muγ (0.14 µg/mouse) or saline by the hydrodynamic injection method on day 0. TEWL from the 
stripped or shaved skin was measured as described above. 
 
Statistical analysis 





I-1-3-a. IFN-γ concentration in the serum of NC/Nga mice after injection of IFN-γ–expressing plasmid 
DNA 
 Fig. 1 shows the time courses of the concentration of IFN-γ in the serum after intravenous injection 
of pCpG-Muγ or pCMV-Muγ. A very high and sustained concentration of IFN-γ was detected in the serum 
of mice receiving pCpG-Muγ at a dose of 0.05 pmol/mouse. The concentration of IFN-γ was maintained at 
more than 300 pg/ml over 80 days after a single injection. However, the concentration of IFN-γ had 
decreased very quickly below the detection limit (25 pg/ml) 3 days after the first injection of pCMV-Muγ 
(4.68 pmol/mouse). The plasmid was injected again 1 week later, but the peak level was lower than that after 







I-1-3-b. IL-12 concentration in the serum of NC/Nga mice after injection of IFN-γ–expressing plasmid 
DNA 
 It would be expected that a persistent expression of IFN-γ would induce the expression of IL-12, a 
typical Th1 cytokine that promotes the differentiation of naive T cells into the Th1 phenotype. Therefore, the 
serum concentration of IL-12 was measured (Fig. 2a). The IL-12 concentration in the untreated group was 
not constant during the experimental period; it fluctuated, reflecting the acute and chronic phases of the 
disease [30]. The concentration of IL-12 was significantly increased in the pCpG-Muγ–treated group from 
days 3 to 42 after injection. The concentration in the pCMV-Muγ–treated group was significantly greater 3 
days after the first injection compared with that in the untreated group; thereafter, the profile became 
superimposed on that of the untreated group. The second injection of pCMV-Muγ on day 7 barely affected 
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105 FIGURE 1. Time-course of the
concentration of IFN-γ in mouse
serum after injection of IFN-γ-
expressing plasmid DNA. NC/Nga
mice were intravenously injected with
0.05 pmol pCpG-Muγ (䖃) or 4.68 pmol
pCMV-Muγ (䕕) by the hydrodynamic
injection method. The pCMV-Muγ-
injected group received a second
injection of 4.68 pmol pCMV-Muγ 7
days after the first injection (indicated
with a dashed line and an arrow). The
results are expressed as the mean 㼼 SD
of five mice.
††
Time after gene transfer (day)



































FIGURE 2. Time-course of the concentration of IL-12 (a) and IgE (b) in mouse serum after injection
of IFN-γ-expressing plasmid DNA. NC/Nga mice were intravenously injected with 0.05 pmol pCpG-Muγ
or 4.68 pmol pCMV-Muγ as described in the legend of Fig. 1. Blood samples from the untreated (䕧), the
pCpG-Muγ-injected (䖃) or the pCMV-Muγ-injected (䕕) mice were collected from the tail vein at indicated
times after gene transfer. The results are expressed as the mean 㼼 SD of at least three mice. *P<0.05,
**P<0.01 compared with the untreated group; †P<0.05, ††P<0.01 compared with the pCMV-Muγ-treated
group.
Time after gene transfer (day)































I-1-3-c. IgE concentration in the serum of NC/Nga mice after injection of IFN-γ–expressing plasmid 
DNA 
 Next, the concentration of IgE, a diagnostic marker of atopic dermatitis [31], was measured in the 
serum, because increased IgE production is a hallmark of Th2 immune responses. Fig. 2b shows the 
concentration of IgE in the serum of the untreated mice or mice treated with pCpG-Muγ or pCMV-Muγ. The 
concentration at the onset of treatment was about 10 µg/ml, and it increased with time to more than 100 
µg/ml in the untreated group. It also increased in the treated groups, but the increase was significantly 
inhibited in the pCpG-Muγ–treated group from day 14 after the treatment. In addition, I measured the serum 
concentrations of IL-4 and -13, which play important roles in the regulation of IgE synthesis [32, 33]. 
However, the concentrations of IL-4 and -13 in the serum of all groups were below the detection limit (4 
pg/ml) of the analysis. 
 
I-1-3-d. mRNA expression of cytokine and chemokine in spleen cells of NC/Nga mice after injection of 
IFN-γ–expressing plasmid DNA 
 The effect of IFN-γ gene transfer on the expression of cytokines/chemokines was evaluated by 
measuring the mRNA expression of IL-12, Th2 cytokines (IL-4, -5, -10, and -13), IL-17, and a Th2 
chemokine (TARC) in spleen cells collected from mice 14 days after gene transfer using the primers listed in 
Table 1. The mRNA expression of these genes in spleen cells was normalized to that of β-actin, and the 
ratios were compared between the untreated and the pCpG-Muγ–treated mice (Fig. 3). The differences 
between the groups were very large for IL-5, -10, -12, and -13 and TARC, although they were not 
statistically significant because of the limited number of samples. The IL-12 mRNA expression was 
increased by injection of pCpG-Muγ, which was in good agreement with the serum level of IL-12 (Fig. 2a). 
The mRNA expression of IL-4, -5, -10, -13, and -17 and TARC in the pCpG-Muγ–treated group was lower 
than that in the untreated group. The mRNA expression in spleen cells 40 days after gene transfer showed no 
significant differences (data not shown). In addition, the expression of these cytokines in the skin was 
examined by ELISA and RT-PCR 40 days after gene transfer. However, no significant differences were 







I-1-3-e. Skin lesions of NC/Nga mice after injection of IFN-γ–expressing plasmid DNA 
 The results indicated that the Th1/Th2 balance can be shifted to Th1 in the atopic dermatitis model 
by sustained, but not transient, transgene expression of IFN-γ. The effects of gene transfer on atopic 
dermatitis were examined in NC/Nga mice. Fig. 4 shows the typical images of the back skin of mice 35 days 
after the start of treatment. Clinical signs and symptoms were clearly seen on the skin of the untreated mice 
(Fig. 4a) and the pCMV-Muγ–treated mice (Fig. 4c), indicating that these mice developed a severe dermatitis. 
The severity of skin damage was scored using a clinical skin score [7]. The untreated and the 
pCMV-Muγ–treated groups developed dermatitis within a week after the start of the experiment, and the 
severity of the dermatitis increased with time (Fig. 4d). In contrast, the pCpG-Muγ–treated mice developed 
much less severe skin inflammation throughout the experimental period (Fig. 4b), and the clinical skin score 





































(a) IL-12 (b) IL-4 (c) IL-5 (d) IL-10


















FIGURE 3. mRNA expression of cytokines and TARC in spleen cells. Spleens from NC/Nga mice receiving
0.05 pmol pCpG-Muγ were collected 14 days after gene transfer, and the mRNA expression of cytokine and
chemokine genes was measured by real-time PCR. The mRNA expression of genes was normalized using the
mRNA level of β-actin. In comparison, spleens from untreated mice were treated as above. (a) IL-12, (b) IL-4,
(c) IL-5, (d) IL-10, (e) IL-13, (f) IL-17, and (g) TARC. U, untreated mice; CpG, pCpG-Muγ-injected mice. The







I-1-3-f. Scratching behavior of NC/Nga mice after injection of IFN-γ–expressing plasmid DNA 
 Fig. 5 shows the number of episodes of scratching and the cumulative time of scratching for a 
30-min period. The number and duration of scratching episodes increased with time in the untreated group. 
The pCpG-Muγ– and pCMV-Muγ–treated groups had significantly fewer episodes and shorter duration of 
scratching than the untreated group, with significantly better results for pCpG-Muγ–treated mice. Similar 
results were obtained in a different set of mice whose scratching episodes were counted manually after 
videotaping (data not shown). 
(a) Untreated (b) pCpG-Muγ (c) pCMV-Muγ FIGURE 4. Typical images of the
back skin of NC/Nga mice (a-c) and
the time-course of the skin clinical
score (d). Photographs were taken at
35 days after the start of treatment: (a)
untreated mice, (b) pCpG-Muγ-treated
mice and (c) pCMV-Muγ-treated mice.
(d) Clinical features of dermatitis were
scored at indicated periods of time after
the start of treatment. The results are
expressed as the mean㼼 SD of at least
three mice. *P<0.05, **P<0.01
compared with the untreated group;
†P<0.05, ††P<0.01 compared with the
pCMV-Muγ-treated group.
Time after gene transfer (day)










































I-1-3-g. TEWL of NC/Nga mice after injection of IFN-γ–expressing plasmid DNA 
 Dry skin is a common symptom of atopic dermatitis, which is characterized by extensive water 
loss through the skin. Thus, the TEWL of the skin was measured on the back (Fig. 6). The TEWL value at 
day 0 was about 10 g/h/m2 in all groups. In the untreated mice, the value increased to more than 50 g/h/m2 by 
day 14, and an almost constant value was observed in the period that followed. The elevation of TEWL was 
significantly inhibited in the pCpG-Muγ–treated group throughout the experimental period. The TEWL of 
the pCMV-Muγ–treated mice was as low as that of the pCpG-Muγ–treated ones for the first 14 days, but it 
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FIGURE 5. Number (a) and cumulative time (b) of scratching episodes. Scratching behavior of NC/Nga
mice treated as described in the legend of Fig. 1 were automatically evaluated using SCLABA-Real. (䕧)
untreated mice, (䖃) pCpG-Muγ-treated mice and (䕕) pCMV-Muγ-treated mice. The results are expressed
as the mean 㼼 SD of at least three mice. *P<0.05, **P<0.01 compared with the untreated group; †P<0.05
compared with the pCMV-Muγ-treated group.
††
**
Time after gene transfer (day)















FIGURE 6. Time-course of the
TEWL of the back skin of mice.
TEWL of the skin was measured in
the back of untreated mice (䕧),
pCpG-Mug-treated mice (䖃) and
pCMV-Mug-treated mice (䕕). The
results are expressed as the mean 㼼
SD of at least three mice. **P<0.01
compared with the untreated group;





I-1-3-h. Histological examination of skin sections of NC/Nga mice after injection of IFN-γ–expressing 
plasmid DNA 
 Fig. 7 shows the H&E sections of the back skin of treated and untreated mice at day 14 after the 
start of treatment. NC/Nga mice maintained under specific pathogen-free (SPF) conditions were used as 
control mice with healthy skin; the skin sections from the SPF control mice showed no pathological features 
(Fig. 7a). In marked contrast, there was clear hyperplasia of the epidermis (acanthosis) in the untreated group 
(Fig. 7b). The sections from the untreated mice also showed an extensive infiltration of lymphocytes and 
eosinophils. These characteristic features of inflamed skin tissues were not as apparent in the skin sections 
from the pCpG-Muγ–treated mice (Fig. 7c), which were indistinguishable from the skin sections from the 
SPF control mice. Compared with the sections from the pCpG-Muγ–treated mice, the ones from 
pCMV-Muγ–treated mice showed less significant improvement (Fig. 7d). Fig. 8 shows the skin sections in 
which mast cells were stained with toluidine blue. Again, a significant infiltration of mast cells was observed 
in the untreated mice (Fig. 8b), but not in the SPF control (Fig. 8a) or the pCpG-Muγ–treated mice (Fig. 8c). 
The numbers of lymphocytes, eosinophils, and mast cells in skin sections were counted (Fig. 9). The 
numbers of these cells were significantly less in mice receiving IFN-γ–expressing plasmid DNA compared 
with untreated mice. 
 
 
(a) SPF (b) Untreated
(c) pCpG-Muγ (d) pCMV-Muγ
FIGURE 7. Hematoxylin and eosin
sections of the back skin of NC/Nga.
Dorsal skin of mice maintained under
SPF conditions (a), untreated mice (b),
pCpG-Muγ-treated mice (c) and
pCMV-Muγ-treated mice (d) were
collected at day 14. Skin sections were
stained with hematoxylin and eosin
for histological evaluation and








I-1-3-i. Adverse effects of IFN-γ gene transfer 
 There were no significant differences in the body weight or temperature between the 
saline-injected mice and the pCpG-Muγ–treated mice. To examine whether IFN-γ gene transfer increases the 
risk for contact dermatitis, the ear thickness was measured in a mouse model of TNCB-induced contact 
dermatitis. The challenge with TNCB significantly increased the thickness, but the injection of pCpG-Muγ 
had no significant effects on the change (data not shown). Fig. 10 shows the time courses of the TEWL from 
the dorsal skin of tape stripped (Fig. 10a) or TNCB-treated mice (Fig. 10b). Again, no IFN-γ gene 
transfer-induced increase was observed in any case examined. 
FIGURE 8. Toluidine blue
sections of the back skin of
NC/Nga. Dorsal skin of mice
maintained under SPF conditions
(a), untreated mice (b), pCpG-Muγ-
treated mice (c) and pCMV-Muγ-
treated mice (d) were collected at
day 14. Skin sections were stained
with Toluidine blue to detect mast
cells.
(a) SPF (b) Untreated

































FIGURE 9. Number of lymphocytes,
eosinophils and mast cells in skin
sections. Lymphocytes and eosinophils in
hematoxylin and eosin-stained sections
were counted under a microscope. The
Toluidine blue sections were used for the
counting of mast cells. The number of
cells was expressed as mean ± SD of
three sections. Untreated mice (white
bars), pCpG-Muγ-treated mice (black
bars), and pCMV-Muγ-treated mice (gray
bars). *P<0.05 and **P<0.01 compared







 Because of the multiple functions of cytokines and their complicated network, the effects of 
externally administered cytokines, including IFN-γ, depend on their pharmacokinetics. Atopic dermatitis, a 
chronic inflammatory disease with skin inflammation, is characterized by Th2-dominant immunity; therefore, 
any treatment that normalizes the Th1/Th2 balance can be useful for treatment of the disease. IFN-γ, a typical 
Th1 cytokine, has been considered to induce a variety of immunological changes, leading to a Th1-dominant 
state, but its effects on the Th1/Th2 balance in patients with Th2 predominance is not fully understood. The 
outcome from the previous clinical experiments in which IFN-γ was administered to patients with atopic 
dermatitis suggested that there would be few significant changes in the immune system of the patients 
receiving such treatments [10-13]. This can primarily be attributed to the unfavorable pharmacokinetic 
properties of IFN-γ, which easily passes through the glomerulus of the kidney because it is smaller than the 
threshold of glomerular filtration, and it disappears from the systemic circulation very quickly [14].  
 In this section, a sustained level of IFN-γ in the serum was successfully achieved by injecting 
pCpG-Muγ. An IFN-γ concentration at more than 300 pg/ml, which is greater than the half maximal effective 
concentration of the protein needed to inhibit virus replication (100 pg/ml), was obtained throughout the 
experimental period of 84 days. This profile of IFN-γ in the serum was in marked contrast to that obtained by 
the injection of pCMV-Muγ, which resulted in a very transient IFN-γ concentration in the serum. Such a 
large difference in the duration of transgene expression is most likely due to the number of CpG motifs in 
plasmid DNA [24, 34]. A detailed discussion on this sustained expression of IFN-γ from pCpG-Muγ was 
presented elsewhere [25]. 
 Sustained expression of IFN-γ from pCpG-Muγ induced a variety of immunological changes in 
NC/Nga mice. In summary, the level of Th1 cytokines IFN-γ and IL-12 (Fig. 2a) was increased and that of 
IL-4, -5, -10, -13, and -17 and TARC tended to be decreased (Fig. 3); thus, the Th1/Th2 balance shifted 
toward Th1 dominance. In addition, the level of IgE, a hallmark of allergic reactions, was also significantly 
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FIGURE 10. Time-course of the TEWL of the back skin of mice in a stripped skin (a) and a TNCB-
induced dermatitis model (b). (a) The back skin of C57BL/6 mice was shaved and tape-stripped on days 1
and 8. (䕦) untreated mice, (䕧) tape-stripped mice, (䕿) tape-stripped, saline-treated mice and (䖃) tape-
stripped, pCpG-Muγ-treated mice. Results are expressed as mean ± SD of four mice. (b) The back skin of
C57BL/6 mice was shaved and applied with TNCB on days 1, 8, 11 and 13. (䕦) untreated mice, (䕧)
TNCB-treated mice, (䕿) TNCB-treated, saline-treated mice and (䖃) TNCB-treated, pCpG-Muγ-treated




production of IL-12, a typical Th1 cytokine important for differentiation to the Th1 subset. IL-12 is produced 
from macrophages or NK cells stimulated with IFN-γ. The reduced expression of the Th2 cytokines and 
TARC also resulted from the expression of IFN-γ, as reported using PBMCs, keratinocytes, or Langerhans 
cells [35, 36]. 
 A major finding of this section is that the immunological changes induced by IFN-γ gene transfer 
differ, depending on the vector used (i.e., on the pharmacokinetics of IFN-γ). A variety of changes, including 
the increase in the IL-12 concentration and the decrease in the IgE level, were observed only in the mice 
receiving pCpG-Muγ. These results clearly indicate the importance of a sustained concentration of IFN-γ at a 
level high enough to allow it to modulate the Th1/Th2 balance. In addition, these results may explain the fact 
that most challenges using IFN-γ protein for the treatment of atopic dermatitis are not very effective, because 
IFN-γ protein quickly disappears from the systemic circulation [14]. 
 The modulation of Th1/Th2 imbalance by sustained expression of IFN-γ was significantly 
effective in preventing the onset of symptoms of atopic dermatitis in NC/Nga mice. Rash, scratching, 
bleeding on the back or ear, acanthosis, and infiltration of lymphocytes, eosinophils, and mast cells were not 
very apparent in the pCpG-Muγ–treated mice. Inhibition of cellular infiltration into skin would be the 
consequence of the changes induced by the sustained concentration of IFN-γ; this directly inhibits the 
infiltration of eosinophils [37, 38], and it could inhibit Th2 cell migration into skin promoted by Th2 
chemokines [39-41]. Because Th2 lymphocytes are the cells that release Th2 cytokines [42], the findings in 
this section strongly suggest that IFN-γ gene transfer results in the inhibition of the differentiation of Th2 
lymphocytes. Based on the results obtained, a mechanism of inhibition of atopic dermatitis by sustained 
expression of IFN-γ is proposed as follows. A sustained concentration of IFN-γ promotes the production of 
IL-12 from macrophages and NK cells, and these two Th1 cytokines inhibit the production of the Th2 
cytokines/chemokines. These changes inhibit the recruitment of immune cells to the skin and prevent the 
onset of symptoms typical of atopic dermatitis. It is important to prove whether sustained IFN-γ gene transfer 
is also effective in individuals with dermatitis. Further studies are needed to conclude that IFN-γ gene 
transfer provides efficacy for patients with atopic dermatitis. 
 There would be concerns about sustained delivery of IFN-γ, because it is a highly potent Th1 
cytokine. However, I observed no significant adverse effects of IFN-γ gene transfer on physiological 
parameters, such as body weight and body temperature. Also, contact dermatitis, a Th1-associated allergic 
dermatitis, was not aggravated by the injection of pCpG-Muγ. In addition, the improvement in TEWL 
observed in NC/Nga mice receiving pCpG-Muγ would not be due to the direct effects of IFN-γ gene transfer, 
because TEWL was minimally affected by IFN-γ gene transfer in other models (Fig. 10). 
 The hydrodynamic injection method used for gene transfer in the current study is one of the most 
efficient methods; using this method, >99% of transgenes were expressed in the liver, followed by kidneys, 
spleen, lung, and other internal organs [27, 43]. Although there is concern about the toxicity related to the 
mode of gene delivery [27, 28, 44, 45], a recent report showed that this method of gene delivery can be 
applied to humans with few toxic effects when plasmid DNA is delivered to a lobe using a balloon catheter 
[46]. Computer-assisted hydrodynamic gene delivery would also be a less invasive method [47]. Other 
modes for gene delivery could be used to achieve sustained transgene expression of IFN-γ at a relatively high 
level, because the dose of pCpG-Muγ used was as low as 0.05 pmol or 0.14 µg/mouse (i.e., approximately 7 
µg/kg body weight). In general, greater amounts of plasmid DNA up to 100 µg/mouse (5 mg/kg) have been 
administered, and an increase in the dose may compensate for the low efficiency of other gene-delivery 




 In conclusion, it was proved that an extraordinarily sustained IFN-γ expression induces a variety of 
immunological changes, leading to a Th1-dominant state in the atopic dermatitis model. A short expression 
of IFN-γ was not effective in inducing such changes, indicating the importance of a sustained concentration 
of IFN-γ. These results provide a novel strategy for the treatment of atopic dermatitis, in which biologically 
active IFN-γ protein is supplied to patients from cells transduced with plasmid vector expressing the protein 





Sustained IFN-γ  expression improves symptoms of acute phase of  
atopic dermatitis 
I-2-1 Introduction 
 In Section 1, I demonstrated that sustained expression of IFN-γ is effective in preventing the onset 
of symptoms of atopic dermatitis in NC/Nga mice [48]. To use IFN-γ gene transfer in the treatment of atopic 
dermatitis patients, it is important to show that such gene transfer is effective not only in preventing the onset 
of the disease but also in improving the symptoms. 
 Generally, atopic dermatitis is classified into two phases, acute and chronic. In the acute phase of 
atopic dermatitis, patients often have raised Th2 cytokines, such as IL-4, IL-5 and IL-13, which induce the 
class switching of B cells to IgE secretion, but low levels of IFN-γ or IL-12. In contrast, Th1 cytokines, 
especially IFN-γ, are dominant in chronic phase of atopic dermatitis [49-52]. Therefore, the administration of 
IFN-γ, a typical Th1 cytokine that shifts the differentiation of naive T cells to the Th1 subtype and suppresses 
the production of Th2 cytokines, appears to be an attractive option for the treatment of acute phase of atopic 
dermatitis [53, 54]. 
 It has recently been shown that regulatory T cells (Tregs), a subset of T cells, are involved in the 
modulation of allergic diseases. For example, Tregs and their related cytokines, IL-10 and transforming 
growth factor (TGF)-β, have been reported to suppress Th2 responses and IgE production [55-57]. 
Furthermore, IFN-γ as well as the IL-12-specific receptor subunit β2 plays important roles in the production 
of Tregs [58, 59]. 
 In this section, I aimed to investigate whether IFN-γ gene transfer was able to effectively treat 
dermatitis induced in NC/Nga mice. To do this, I evaluated the serum levels of IgE and IgG1, the mRNA 
expression of Th1 and Treg cytokines, TEWL, the number of scratching episodes, the epidermal thickening, 
and the infiltration of inflammatory cells into the skin. In addition, the effect of sustained IFN-γ gene transfer 
on contact dermatitis was also examined to assess the safety of the gene transfer process. 
 
I-2-2 Materials and Methods 
 
Animals 
 Seven to eight week-old male NC/Nga mice and seven week-old female C57BL/6 mice were 
purchased and raised as described in Section 1. The NC/Nga group spontaneously developing dermatitis was 
used as a model of atopic dermatitis. The protocol for the animal experiments was approved by the Animal 
Experimentation Committee of the Graduate School of Pharmaceutical Sciences of Kyoto University. 
 
In vivo gene transfer of IFN-γ 
 The naked plasmid pCpG-Muγ or pCpG-mcs (InvivoGen, Sandiego, CA, USA) was injected into 
the tail vein of the mice by the hydrodynamic injection method, as described in Section 1, at a dose of 0.05 or 
0.2 pmol/mouse on day 0.  
 




 The concentrations of IFN-γ and IgE in the serum were measured as described in Section 1. The 
concentration of IgG1 in the serum was measured using ELISA kits (Mouse IgG1 ELISA Quantitation Set, 
Bethyl Laboratories, Inc., Montgomery, TX, USA) according to the manufacturer’s instructions. 
 
Calculation of the pharmacokinetics parameters of IFN-γ gene transfer 
 The area under the concentration-time curve (AUC) and the mean residence time (MRT) of IFN-γ 
after gene transfer were calculated from the concentrations of IFN-γ in the serum of NC/Nga mice using 
moment analysis [60]. 
 
Real time PCR analysis of cytokine expression 
 RNA was extracted from approximately 100 mg of spleen samples using Sepasol RNA I Super 
(Nacalai Tesque, Kyoto, Japan). A mixture of recombinant DNase I-RNase-free (TAKARA, Shiga, Japan) 
and RNase OUT™ recombinant ribonuclease inhibitor (Invitrogen, Carlsbad, CA, USA) was used for DNase 
treatment. Reverse transcription was performed using a ReverTra Ace® qPCR RT Kit (TOYOBO, Osaka, 
Japan). The mRNA expression of genes of interest was analyzed using the quantitative real time PCR system 
as described in Section 1. The sequences of primers used for amplification are listed in table 2. Individual 
PCR products were analyzed by melting curve analysis and the length of the products was determined by 
agarose gel electrophoresis. The mRNA expression of each gene was normalized using the mRNA level of 
GAPDH. 
 
TABLE 2. Primer sequences for quantitative RT-PCR. 
Gene Forward primer (5’→3’) Reverse primer (5’ →3’) 
Mouse GAPDH ctgccaagtatgatgacatcaagaa accaggaaatgagcttgaca 
Mouse IFN-γ atgaacgctacacactgcatc ccatccttttgccagttcctc 
Mouse IL-12 catcgatgagctgatgcagt cagatagcccatcaccctgt 
Mouse IL-4 acaggagaagggacgccat gaagccctacagacgagctca 
Mouse IL-10 ccaagccttatcggaaatga ttttcacaggggagaaatcg 
Mouse TGF-β ttgcttcagctccacagaga tggttgtagagggcaaggac 
 
Scoring skin lesions 
 Skin lesions were scored at indicated times after gene transfer as described in Section 1. 
 
Measurement of TEWL 
 TEWL was measured using an evaporimeter as described in Section 1. 
 
Observation of scratching behavior 
 The scratching behavior was recorded on video for 30 min on days 15 and 21. The number of 
scratching episodes was counted manually as described in Section 1. On days 30, 33 and 35 after gene 
transfer, the scratching behavior was monitored using an automated system (SCLABA Real Noveltec Inc., 
Kobe, Japan) as described in Section 1.  
 




 The sections of dorsal skin of NC/Nga mice were prepared and stained for histological evaluation 
and quantification of the numbers of inflammatory cells infiltrating in the skins as described in Section 1. 
 
Monitoring of adverse effects of IFN-γ gene transfer 
 The body temperature of the mice was monitored using a digital rectal thermometer (Physitemp 
Instruments Inc, Clifton, NJ, USA). To assess liver damage, the serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) levels of the mice were assayed using commercial test reagents 
(Transaminase CII-Test Wako, Wako Pure Chemical Industries, Osaka, Japan). 
 
Oxazolone-induced contact hypersensitivity 
 The plasmid pCpG-Muγ was injected into the tail vain of C57BL/6 mice (female, 7-week-old) by 
the hydrodynamic injection method at a dose of 0.2 pmol/mouse on day 0 or day 5. Mice were sensitized by 
the application of 100 µl 2% oxazolone (OX) in ethanol (elicitation phase group) or ethanol alone (induction 
phase-group) to the shaved abdominal skin on day 1, followed by an application of 10 µl 1% OX to the right 
ear on day 6. Ethanol was applied to the left ear. For the untreated group, ethanol was applied instead of 
oxazolone to the abdomen and right ear on either day 1 or 6. At 24 h after the second application, the 
thickness of both ears was measured using a digital thickness gauge (Quick Mini, Mitutoyo Co., Japan). Ear 
swelling was calculated from the difference in ear thickness between the hapten- and vehicle-treated ears. 
 
Statistical analysis 
 Statistical significance was evaluated by ANOVA with a post-hoc Tukey-Kramer test for multiple 
comparisons (clinical skin scores) and Student’s t-test for comparisons between two given groups. The level 




I-2-3-a. Time-course and pharmacokinetic parameters of IFN-γ after hydrodynamic injection of 
pCpG-Muγ 
 Figure 11 shows the time-course of the concentrations of IFN-γ in the serum after hydrodynamic 
injection of pCpG-Muγ. The serum levels of IFN-γ were dependent on the plasmid dose, and the higher dose 
of 0.2 pmol resulted in significantly higher concentrations for the first 4 days compared with the lower dose. 




























FIGURE 11. Time-course of the
concentration of IFN-γ in serum of
NC/Nga mice after hydrodynamic
injection of 0.05 or 0.2 pmol pCpG-
Muγ. The results are expressed as the
mean 㼼 SEM of five mice. #, ##






 Table 3 summarizes the maximum concentration (Cmax), AUC and MRT after IFN-γ gene transfer. 
The Cmax and AUC were increased by increasing the plasmid dose, whereas the MRT was hardly affected 
by the dose. 
 
 TABLE 3. Cmax, AUC and MRT of serum IFN-γ after hydrodynamic injection of 
pCpG-Muγ into mice 
 
Dose (pmol/mouse) Cmax (ng/ml) AUC (ng day/ml) MRT (day) 
0.05 21.3 ± 1.5 71.3 ± 7.9 4.67 ± 0.78 
0.2 54.0 ± 10a 204 ± 35b 4.21± 0.70 
The Cmax values were obtained at 1 day after hydrodynamic injection of pCpG-Muγ, and are 
expressed as the mean ± standard error of the mean (SEM) of five mice. The AUC and MRT were 
calculated by moment analysis, and are expressed as the calculated mean ± SEM of five mice. a, b 
p<0.05, 0.01, compared with the lower dose (0.05 pmol/mouse) group. 
 
I-2-3-b. Effects of IFN-γ gene transfer on the skin lesions of NC/Nga mice 
 NC/Nga mice at the age of 7 to 8 weeks, which already developed atopic dermatitis-like symptoms, 
were used to assess the severity of skin lesions. Fig. 12 shows the time-course of the clinical skin score of 
NC/Nga mice after injection of pCpG-Muγ. The score of mice treated with the lower dose pCpG-Muγ 
increased with time and was not significantly different from that of the untreated mice for the first two weeks 
after gene transfer. These results contradicted those of Section 1, in which the lower dose of pCpG-Muγ 
(0.05 pmol/mouse) was effective in preventing the onset of atopic dermatitis [48]. In contrast, the clinical 
skin score of mice receiving 0.2 pmol pCpG-Muγ was significantly lower than those of the other two groups 
over the 5-week observation period. Based on these findings, the dose of the plasmid was set at 0.2 
pmol/mouse in the subsequent experiments to study the therapeutic effects of pCpG-Muγ in NC/Nga mice 
with dermatitis. To confirm the effects of IFN-γ, a control plasmid pCpG-mcs was administered to NC/Nga 




























FIGURE 12. Time-course of the
clinical skin score of NC/Nga mice
after hydrodynamic injection of
pCpG-Muγ. The results are
expressed as the mean 㼼 SEM of
five (0.05 pmol and 0.2 pmol pCpG-
Muγ treated groups) and nine mice
(the untreated group). *, **,
***p<0.05, 0.01, 0.001, compared
with the untreated group; #, ##p<0.05,





I-2-3-c. Serum concentrations of IgG1 and IgE in NC/Nga mice after IFN-γ gene transfer 
 Fig. 13 shows the time-course of the concentration of IgG1 (Fig. 13a) and IgE (Fig. 13b) in the 
serum of NC/Nga mice after injection of pCpG-Muγ. Both the serum levels of IgG1 and IgE of the 
pCpG-Muγ-treated mice were significantly lower than those of the untreated mice at several time points, 
suggesting that the production of these Th2-mediated immunoglobulins in NC/Nga mice was at least partly 
inhibited by IFN-γ gene transfer.   
 
 
I-2-3-d. mRNA expression of Th1, Th2 and Treg cytokines in the spleen of NC/Nga mice after IFN-γ 
gene transfer 
The high concentrations of IFN-γ in the serum were expected to induce the changes in the 
immunological status of NC/Nga mice. Therefore, the spleen, a major lymphoid organ, was excised and the 
mRNA expression of IFN-γ, IL-12, IL-4, IL-10 and TGF-β was measured. Fig. 14 shows the x-fold increase 
of mRNA expression by pCpG-Muγ treated mice compared with untreated mice. The mRNA expression of 
IFN-γ and IL-12 in the pCpG-Muγ-treated mice was, respectively, 3- and 1.7-fold higher than that in the 
untreated mice. In addition, the mRNA expression of IL-10 and TGF-β was also significantly higher in the 
pCpG-Muγ-treated group. On the other hand, the mRNA expression of IL-4, a Th2 cytokine, was reduced to 







































FIGURE 13. Time-course of the concentration of IgG1 (a) and IgE (b) in serum of NC/Nga mice after
hydrodynamic injection of 0.05 or 0.2 pmol pCpG-Muγ. The results are expressed as the mean㼼 SEM of







I-2-3-e. TEWL and scratching behavior of NC/Nga mice after IFN-γ gene transfer 
 To evaluate the severity of skin dryness and itchiness, the TEWL [61] and the number of 
scratching episodes were measured. Fig. 15a shows the time-course of the TEWL of NC/Nga mice from day 
15 to day 35 after injection of pCpG-Muγ. The TEWL value of the pCpG-Muγ-treated mice was significantly 
lower than that of the untreated mice on days 15, 18, 21 and 35 after gene transfer. Fig. 15b shows the 
number of scratching episodes during a 30-min period of observation. The number of scratching episodes 
exhibited by the mice receiving pCpG-Muγ was fewer than that of the untreated mice at all time points 
examined and the difference was significant on days 15 and 33 after injection of pCpG-Muγ. These results 
indicate that IFN-γ gene transfer relieves the pruritus, a common symptom of atopic dermatitis that may lead 



































FIGURE 14. mRNA expression of
cytokines in spleen cells of NC/Nga
mice. Spleens of untreated mice and
pCpG-Muγ treated mice were excised
at day 36 after treatment. mRNA
expression was normalized with that of
GAPDH. The results are expressed as
the mean㼼 SEM of three (pCpG-Muγ
treated group) or four mice (the
untreated group). *p<0.05 compared
with the untreated group.






































FIGURE 15. Time-course of the TEWL of the dorsal skin (a) and number of scratching episodes (b) of
NC/Nga mice untreated or after hydrodynamic injection of 0.2 pmol pCpG-Muγ. The results are




I-2-3-f. Histopathological examination of skin sections of NC/Nga mice 
Fig. 16 shows the hematoxylin and eosin sections (Figs. 16a, b) and toluidine blue-stained sections 
(Figs. 16c, d) of the dorsal skin of NC/Nga mice at 36 days after treatment. The sections of the untreated 
mice showed obvious thickening of the epidermis (Figs. 16a, c). However, these characteristic features of 
skin inflammation were hardly seen in the sections from the pCpG-Muγ-treated mice (Figs. 16b, d). 
Furthermore, the numbers of monocytes, granulocytes and mast cells in the skin sections were counted (Fig. 
16e). The numbers of these cells infiltrating into the skin of the pCpG-Muγ-treated animals were about a half 
those in the untreated mice, and there were significant differences between the groups with regard to the 




I-2-3-g. Effect of IFN-γ gene transfer on body temperature and liver injury 
 The body temperature of the mice was measured to monitor the side effects of the high dose 
pCpG-Muγ. No significant difference was observed in body temperature between the treated and untreated 
groups (data not shown). In addition, there were no significant differences in the serum AST and ALT levels 
between the pCpG-Muγ-treated and the untreated groups (data not shown).  
 
I-2-3-h. Effect of IFN-γ gene transfer on contact dermatitis  
 There are some concerns that IFN-γ gene transfer might increase the risk of Th1-associated 
diseases. To clarify this issue, the ear swelling response in the OX-induced contact dermatitis model was 
used to evaluate the contact hypersensitivity response in mice. As shown in Fig. 17, OX treatment induced 































FIGURE 16. H&E (a, b) and toluidine blue (c, d) sections of the dorsal skin of NC/Nga mice untreated
(a, c) or pCpG-Muγ-treated (b, d). Numbers of inflammatory cells in skin sections (E). The numbers of
cells were expressed as the mean 㼼 SEM of three (pCpG-Muγ-treated group) or four mice (the untreated







 NC/Nga mice spontaneously develop atopic dermatitis-like skin lesions around the age of 6-8 
weeks when raised under conventional condition. After that, the severity of the skin lesions and the 
parameters reflecting the severity, such as serum IgE level, increases with age. A previous study reported that 
the serum IgE levels of conventional NC/Nga mice increased markedly from 6 weeks of age to around 10 
weeks and reached plateau at 17 weeks [8]. Thus the mice with atopic dermatitis at the age of 7 to 8 weeks, 
which were used in this study, represent a suitable model to evaluate the therapeutic effect of IFN-γ in the 
acute phase of atopic dermatitis. In this section, I demonstrated that pCpG-Muγ is effective not only in 
preventing the onset of this condition but also in alleviating the symptoms of the disease, even though a 
higher dose of pCpG-Muγ was required to treat the symptoms of NC/Nga mice with dermatitis. The mRNA 
expression of IFN-γ and IL-12, Th1 cytokines, in the spleen of mice receiving pCpG-Muγ was increased and 
accompanied with a reduced expression of IL-4 mRNA in the spleen and reduced levels of serum IgG1 and 
IgE (Fig. 13). IFN-γ acts in conjunction with IL-12 by mediating a positive feedback loop to drive the Th1 
response and inhibits IL-4 production by Th2 cells, resulting in the suppression of IgE and IgG1 secretion by 
B cells [41, 65, 66]. The mRNA expression of IL-10 and TGF- β, two representative Treg cytokines, in the 
spleen of mice receiving pCpG-Muγ was also increased. It has been reported that Tregs inhibit Th2 cell 
function in allergic diseases by releasing IL-10 and TGF-β [57, 67]. The development of atopic 
dermatitis-like skin lesions in NC/Nga mice was suppressed by IL-10 expressing plasmid DNA [68]. It is 
possible that the increased expression of IFN-γ and IL-12 might induce Treg differentiation [58, 59] and 
partially contributed to these immunological changes by suppressing Th2 cell response. Taking all these 
findings into consideration, it is likely that IFN-γ gene transfer stimulates IL-12 production and these two 
Th1 cytokines act synergistically to polarize the T cell response toward Th1 subset and inhibit IgG1 and IgE 
production by suppressing the Th2 pathway. Further investigation is needed to prove whether the induction 
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FIGURE 17. Ear swelling response in OX-treated mice. pCpG-Muγ was injected on day 0 or day 5. Mice 
were sensitized by OX or ethanol on the shaved abdomen on day 1 and on the right ear on day 6. Ear 





 Scratching destroys skin barriers and worsens skin lesions [62, 64], which is closely linked to an 
increased TEWL. Histological examination of the skin sections clearly showed that IFN-γ gene transfer 
markedly suppressed skin inflammation and the infiltration of monocytes, granulocytes and mast cells. Mast 
cells can be sensitized by IgE and regulate the secretion of cytokines, such as IL-4, which subsequently 
mediates the recruitment of leukocytes [69], so that the reduced infiltration of these inflammatory cells into 
the skin could be due to the reduced production of IgE and IL-4. This suppression will prevent mice from 
scratching, which will accelerate skin repair and reduce TEWL. The number of scratching episodes of mice 
receiving pCpG-Muγ was lower than that of the untreated mice at all time points, although it was fluctuated 
in the both groups. This could be explained by the difference in the time for measurement in each day [70], 
which was not be controlled in this study. 
 The use of IFN-γ as a therapeutic agent would be a double-edged sword. The need for a high dose 
of 0.2 pmol/mouse to treat, not to prevent, atopic dermatitis symptoms increases the chance of adverse 
reactions. The most common adverse events of IFN-γ therapy, which have been evidenced in several clinical 
trials, are “flu-like” symptoms, including fever, headache, fatigue, and myalgia. Diarrhea, erythema at the 
injection site, and the elevation of liver transaminase levels have also been reported in patients receiving the 
therapy. These common adverse events are generally transient and well tolerated [71-74]. In this section, I 
measured the body temperature and the liver transaminase levels in serum of mice for monitoring the signs of 
adverse events and demonstrated that IFN-γ gene transfer is safe for use in mice as long as the dose of the 
plasmid is 0.2 pmol/mouse or lower. However, the clinical skin score seems to return to baseline level at 4 
weeks after treatment with this dose of plasmid (Fig. 12). This result may be explained by the reduction of 
IFN-γ levels in the serum of mice with time, thus increasing the dose of pCpG-Muγ within the safety range 
could be an option to extend the duration of therapeutic effects. Recently, my laboratory has established a 
plasmid DNA expressing IFNγ in a constant manner with no initial high concentration of IFN-γ that could 
cause the unwanted effects [75]. This novel IFN-γ expressing plasmid would also be useful to enhance the 
therapeutic effect of IFN-γ. Another interesting point is that IFN-γ has been reported to be dominant in the 
skin of patients with chronic atopic dermatitis [52]. Further investigation is required to prove whether IFN-γ 
gene transfer is suitable for the treatment of chronic phase of atopic dermatitis. 
 In conclusion, I have demonstrated that sustained transgene expression of IFN-γ is effective in 
treating the atopic dermatitis in NC/Nga mice without any apparent adverse effects. These results raise a 







Chapter II (Excerpted version) 
Effects of highly upregulated indoleamine 2,3-dioxygenase 1 on anti-tumor 
activity of IFN-γ gene transfer in tumor-bearing mice 
 
II-1 Introduction 
 IFN-γ is expected to be used in treating cancer [76, 77]. In Chapter I, I showed that the 
hydrodynamic injection of pCpG-Muγ resulted in prolonged therapeutic serum concentrations of IFN-γ for 
more than 80 days, and this significantly improved the symptoms of atopic dermatitis in NC/Nga mice. 
Previous studies in my laboratory demonstrated that sustained supply of IFN-γ effectively inhibited 
metastatic tumor growth in mice [24, 25]. 
 IFN-γ exerts its biological activities through the Janus kinase/signal transducer and activator of 
transcription pathway, which modulates the expression of indoleamine 2, 3-dioxygenase 1 (IDO1) [65, 78]. 
Increased IDO activity is reported to be responsible for the protumor functions of IFN-γ [79-81]. IDO1 is a 
tryptophan-metabolizing enzyme along the kynurenine pathway [82, 83]. The induced expression of IDO1 
could lead to tryptophan depletion and formation of kynurenine and 3-hydroxykynurenine, which could 
downregulate immune responses [84-87]. Various types of IDO1 inhibitors have been developed [82, 88-91], 
but the role of IDO1 in tumor growth is controversial so far [92]. Therefore, further investigation is needed to 
clarify the role of IDO1 in tumor development and its effects on the antitumor activity of IFN-γ. 
 Unpublished data from my laboratory showed that a hydrodynamic injection of pCpG-Muγ 
increased the mRNA expression of IDO1 in naïve mice. In this chapter, LLC tumor-bearing wild-type and 
IDO1-knockout mice were used to examine the involvement of IDO1 expression and activity in the 
antitumor effect of IFN-γ gene transfer. 
 
II-2 Materials and Methods 
 
Mice 
 Five-week-old male C57BL/6J mice and IDO1 knockout (IDO1 KO) mice with a C57BL/6J 
background were used at five weeks of age. The protocols for animal experiments were approved by the 
Animal Experimentation Committee of the Graduate School of Pharmaceutical Sciences, Kyoto University. 
 
Cell culture  
 Lewis lung carcinoma (LLC) cells were cultured in Dulbecco’s modified Eagle medium (DMEM; 







 Murine IFN-γ-expressing plasmids, pCMV-Muγ and pCpG-Muγ were constructed as described in 
Chapter I, Section 1. Human IFN-γ-expressing plasmid, pCpG-Huγ was used as a control plasmid [25, 26, 
75].  
 
In vivo gene transfer 
 The naked plasmid was injected into the tail vein of the mice by the hydrodynamic injection 
method, as described in Chapter I, Section 1[27].  
 
Measurement of serum concentrations of murine IFN-γ 
 The concentration of murine IFN-γ in the serum was analyzed using a commercial ELISA kit as 
described in Chapter I, Section 1. 
 
Isolation of mRNA 
 Total RNA was extracted from approximately 100 mg liver, spleen, kidney, lung or tumor as 
described in Chapter I, Section 1.  
 
Quantitative real-time PCR of mRNA 
 Real-time PCR was carried out as described in Chapter I, Section 1. 
 
Measurement of concentrations of tryptophan and kynurenine in serum and tumor of mice 
 The concentrations of tryptophan and kynurenine in samples were measured using HPLC with a 
spectrophotometric detector or a fluorescence spectrometric detector [93]. Total protein concentrations in the 
tumor were measured using a protein assay kit. The concentrations of tryptophan and kynurenine in the 
tumor were expressed as µmol per g tissue protein. 
 
Antitumor effects of IFN-γ gene transfer 
 LLC tumor-bearing mice were hydrodynamically injected with pCpG-Muγ or pCpG-Huγ at a dose 
of 0.23 µg/20g body weight or injected with saline. The tumor size and volume were monitored every two or 
three days [94]. The survival rate of the tumor-bearing mice was also recorded. 
 
IDO1 expression in LLC tumor 
 LLC tumor-bearing mice were hydrodynamically injected with pCpG-Muγ or pCpG-Huγ. Then, 
solid tumors were dissected and the mRNA expression of IDO1 was measured as described above.  
 
Statistical analysis 
 Statistical significance was evaluated by one-way ANOVA followed by Tukey`s post hoc test for 
multiple comparisons and Student’s t-test for comparisons between two given groups. The survival analysis 
was performed by LogRank test using SigmaPlot® 11.0. The level of statistical significance was set at P 
<0.05. 
 
II-3 Results and Discussion 
 To confirm whether IDO1 expression inhibits the IFN-γ-induced antitumor activity, I examined the 




mice. The hydrodynamic injection of pCpG-Muγ significantly retarded the tumor growth in both mouse 
strains without significant difference in tumor size (data not shown). Then, the concentrations of tryptophan 
and kynurenine in the serum were measured. No changes were observed in the concentrations of tryptophan 
and kynurenine in the serum of IDO1 KO mice after the injection of pCpG-Muγ (data not shown). The levels 
of kynurenine demonstrated a defect in kynurenine production in the IDO1 KO mice. The kynurenine to 
tryptophan ratio hardly changed in the IDO1 KO mice receiving pCpG-Muγ (data not shown). 
 To confirm whether IDO1 is expressed in the LLC tumor of IDO1 KO mice and is affected by 
IFN-γ gene transfer, the mRNA expression of IDO1 in LLC tumor was evaluated. The mRNA expression of 
IDO1 in the LLC tumor was detectable in both wild-type and IDO1 KO mice. The hydrodynamic injection of 
pCpG-Muγ significantly induced the expression of IDO1 in the tumor of the wild-type mice (data not shown). 
IDO1 KO mice showed much less changes. 
 The concentration of kynurenine in the LLC tumor of wild-type mice receiving pCpG-Muγ was 
significantly increased (data not shown). There were no statistically significant differences between the 
baseline levels of kynurenine in the tumors of IDO1 KO mice and that of the wild-type mice. The kynurenine 
to tryptophan ratios in the tumor of these mice also revealed a similar trend (data not shown). These results 
indicate comparable activity of IDO1 in the tumors of IDO1 KO mice and wild-type mice. 
 In conclusion, these results indicate that IFN-γ gene transfer-mediated up-regulation of IDO1 has 








 The aim of this thesis was to study the beneficial effects of IFN-γ gene transfer in treating atopic 
dermatitis and cancer. The effectiveness of IFN-γ gene transfer in mouse models of the diseases could be 
achieved by the sustained supply of IFN-γ in serum of mice obtained from the hydrodynamic injection of 
pCpG-Muγ. The main findings from each chapter are summarized as follows.  
 I. Improvement of atopic dermatitis by sustained exogenous expression of IFN-γ in NC/Nga mice 
via Th1 polarization. 
 The sustained, but not transient, transgene expression of IFN-γ can induce favorable 
immunological changes in a human atopic dermatitis model toward Th1-dominant state. The immunological 
changes, including the elevated level of IL-12, a Th1 driving cytokine, the reduced production of IgE, and 
inhibition of mRNA expression of Th2 cytokines, allowed the prevention of the development of atopic 
dermatitis-like skin lesions. This sustained expression of IFN-γ also markedly inhibited the epidermal 
thickening, infiltration of inflammatory cells into the skin, the occurrence of dry skin and pruritus in the 
NC/Nga mice with early dermatitis. No exacerbating effects on the Th1-mediated contact dermatitis were 
observed after IFN-γ gene transfer. Taken together, these results indicate that sustained IFN-γ gene transfer 
induced polarized Th1 immunity under Th2-dominant conditions in NC/Nga mice, leading to an 
improvement in the symptoms of acute atopic dermatitis without significant adverse side effects. 
 II.	 Effects of highly upregulated indoleamine 2,3-dioxygenase 1 on anti-tumor activity of IFN-γ 
gene transfer in tumor-bearing mice.	 
	 The sustained expression of IFN-γ was associated with reduced tryptophan levels and increased 
kynurenine levels in serum, indicating that IFN-γ gene transfer increased the IDO1 activity. Then Lewis lung 
carcinoma (LLC) tumor-bearing wild-type and IDO1 knockout (IDO1 KO) mice were used to investigate the 
effects of IDO1 on the antitumor activity of IFN-γ. IFN-γ gene transfer significantly retarded the tumor 
growth in both mouse strains without significant difference in tumor size, although the IDO1 activity was 
increased only in the wild-type mice. Taken together, these results imply that IFN-γ gene transfer-mediated 
IDO1 upregulation hardly affect the antitumor activity of IFN-γ.	 
 In conclusion, I demonstrated that sustained expression of therapeutic levels of IFN-γ was effective 
in preventing the onset of atopic dermatitis and improving the symptoms of the disease via Th1 polarization 
in the atopic dermatitis model. In addition, I also found that the sustained IFN-γ expression upregulated 
IDO1 activity, but this upregulation hardly affected the tumor growth in LLC tumor-bearing mice. Thus, this 





 I wish to express my heartfelt gratitude to Professor Yoshinobu Takakura for his excellent 
guidance, valuable discussion, warm support and encouragement throughout this study.  
 I owe a great debt to Associate Professor Makiya Nishikawa for his patient supervision, insightful 
comments and suggestions, persistent motivation and warm support facilitating the successful completion of 
this study. 
 I am further indebted to Assistant Professor Yuki Takahashi for his continuous support, inspiration, 
enthusiastic encouragement, and valuable guidance. 
 I would like to express my sincere thanks to Associate Professor Kenji Kabashima and Assistant 
Professor Akihiko Ikoma (Department of Dermatology, Graduate School of Medicine, Kyoto University), 
Professor Rei Takahashi (Department of Pharmacotherapeutics, Faculty of Pharmaceutical Sciences, 
Doshisha Women`s College of Liberal Arts), and Professor Kuniaki Saito and his colleagues (Department of 
Human Health Sciences, Graduate School of Medicine and Faculty of Medicine, Kyoto University) for their 
collaboration, kind supports, helpful guidance and discussion. 
 I would also like to express my gratitude to Professor Mitsuru Hashida, Associate Professor 
Fumiyoshi Yamashita and Assistant Professor Shigeru Kawakami (Department of Drug Delivery Research, 
Graduate School of Pharmaceutical Sciences, Kyoto University) for their valuable supports. 
 This thesis would have not been possible without the scholarship and financial support for my 
higher graduate studies from Ministry of Education, Culture, Sports, Science and Technology of Japanese 
Government.  
 I am grateful for all warm supports and friendships of Dr. Lei Zang, Dr. Mitsuru Ando, Ms. 
Kayoko Hattori, and other colleagues, both the alumni and present members, of the Department of 
Biopharmaceutics and Drug Metabolism, Graduate School of Pharmaceutical Sciences, Kyoto University. 
 Last but not least, I would like to thank my beloved family and friends for their infinite love and 




List of Publications 
 
Sustained exogenous expression of therapeutic levels of IFN-γ ameliorates atopic dermatitis in NC/Nga mice 
via Th1 polarization 
 J Immunol (2010) 184(5):2729-35. 
 
Regulation of immunological balance by sustained interferon-γ gene transfer for acute phase of atopic 
dermatitis in mice 
 Gene Ther (2013) 20(5):538-44. 
 
Effects of upregulated indoleamine 2, 3-dioxygenase 1 by interferon γ gene transfer on interferon γ-mediated 
anti-tumor activity 






1. Romagnani S. The increased prevalence of allergy and the hygiene hypothesis: missing immune 
deviation, reduced immune suppression, or both? Immunology 2004; 112: 352-63. 
2. Grewe M, Bruijnzeel-Koomen CA, Schöpf E, et al. A role for Th1 and Th2 cells in the 
immunopathogenesis of atopic dermatitis. Immunol Today 1998; 19: 359-61. 
3. Spergel JM, Mizoguchi E, Oettgen H, et al. Roles of TH1 and TH2 cytokines in a murine model of 
allergic dermatitis. J Clin Invest 1999; 103: 1103-11. 
4. Vestergaard C, Yoneyama H, Murai M, et al. Overproduction of Th2-specific chemokines in NC/Nga 
mice exhibiting atopic dermatitis-like lesions. J Clin Invest 1999; 104: 1097-105. 
5. Furue M. Atopic dermatitis--immunological abnormality and its background. J Dermatol Sci 1994; 7: 
159-68. 
6. Jin H, He R, Oyoshi M, Geha RS. Animal models of atopic dermatitis. J Invest Dermatol 2009; 129: 
31-40. 
7. Matsuda H, Watanabe N, Geba GP, et al. Development of atopic dermatitis-like skin lesion with IgE 
hyperproduction in NC/Nga mice. Int Immunol 1997; 9: 461-6. 
8. Suto H, Matsuda H, Mitsuishi K, et al. NC/Nga mice: a mouse model for atopic dermatitis. Int Arch 
Allergy Immunol 1999; 120 Suppl 1: 70-5. 
9. Grassegger A, Höpfl R. Significance of the cytokine interferon gamma in clinical dermatology. Clin 
Exp Dermatol 2004; 29: 584-8. 
10. Ellis CN, Stevens SR, Blok BK, et al. Interferon-gamma therapy reduces blood leukocyte levels in 
patients with atopic dermatitis: correlation with clinical improvement. Clin Immunol 1999; 92: 49-55. 
11. Jang IG, Yang JK, Lee HJ, et al. Clinical improvement and immunohistochemical findings in severe 
atopic dermatitis treated with interferon gamma. J Am Acad Dermatol 2000; 42: 1033-40. 
12. Stevens SR, Hanifin JM, Hamilton T, et al. Long-term effectiveness and safety of recombinant 
human interferon gamma therapy for atopic dermatitis despite unchanged serum IgE levels. Arch 
Dermatol 1998; 134: 799-804. 
13. Noh GW, Lee KY. Blood eosinophils and serum IgE as predictors for prognosis of 
interferon-gamma therapy in atopic dermatitis. Allergy 1998; 53: 1202-7. 
14. Younes HM, Amsden BG. Interferon-gamma therapy: evaluation of routes of administration and 
delivery systems. J Pharm Sci 2002; 91: 2-17. 
15. Chen FM, Zhao YM, Wu H, et al. Enhancement of periodontal tissue regeneration by locally 
controlled delivery of insulin-like growth factor-I from dextran-co-gelatin microspheres. J Control 
Release 2006; 114: 209-22. 
16. Gu F, Younes HM, El-Kadi AO, et al. Sustained interferon-gamma delivery from a 
photocrosslinked biodegradable elastomer. J Control Release 2005; 102: 607-17. 
17. Howell SB. Clinical applications of a novel sustained-release injectable drug delivery system: 
DepoFoam technology. Cancer J 2001; 7: 219-27. 
18. Qiu J, Wei XH, Geng F, et al. Multivesicular liposome formulations for the sustained delivery of 
interferon alpha-2b. Acta Pharmacol Sin 2005; 26: 1395-401. 
19. Harris JM, Martin NE, Modi M. Pegylation: a novel process for modifying pharmacokinetics. Clin 




20. Hyoudou K, Nishikawa M, Kobayashi Y, et al. PEGylated catalase prevents metastatic tumor 
growth aggravated by tumor removal. Free Radic Biol Med 2006; 41: 1449-58. 
21. Nishikawa M, Hyoudou K, Kobayashi Y, et al. Inhibition of metastatic tumor growth by targeted 
delivery of antioxidant enzymes. J Control Release 2005; 109: 101-7. 
22. Pepinsky RB, LePage DJ, Gill A, et al. Improved pharmacokinetic properties of a polyethylene 
glycol-modified form of interferon-beta-1a with preserved in vitro bioactivity. J Pharmacol Exp Ther 
2001; 297: 1059-66. 
23. Kobayashi N, Kuramoto T, Chen S, et al. Therapeutic effect of intravenous interferon gene delivery 
with naked plasmid DNA in murine metastasis models. Mol Ther 2002; 6: 737-44. 
24. Kawano H, Nishikawa M, Mitsui M, et al. Improved anti-cancer effect of interferon gene transfer by 
sustained expression using CpG-reduced plasmid DNA. Int J Cancer 2007; 121: 401-6. 
25. Mitsui M, Nishikawa M, Zang L, et al. Effect of the content of unmethylated CpG dinucleotides in 
plasmid DNA on the sustainability of transgene expression. J Gene Med 2009; 11: 435-43. 
26. Nomura T, Yasuda K, Yamada T, et al. Gene expression and antitumor effects following direct 
interferon (IFN)-gamma gene transfer with naked plasmid DNA and DC-chol liposome complexes in 
mice. Gene Ther 1999; 6: 121-9. 
27. Liu F, Song Y, Liu D. Hydrodynamics-based transfection in animals by systemic administration of 
plasmid DNA. Gene Ther 1999; 6: 1258-66. 
28. Kobayashi N, Nishikawa M, Takakura Y. The hydrodynamics-based procedure for controlling the 
pharmacokinetics of gene medicines at whole body, organ and cellular levels. Adv Drug Deliv Rev 
2005; 57: 713-31. 
29. Kuraishi Y, Nagasawa T, Hayashi K, Satoh M. Scratching behavior induced by pruritogenic but not 
algesiogenic agents in mice. Eur J Pharmacol 1995; 275: 229-33. 
30. Mamessier E, Magnan A. Cytokines in atopic diseases: revisiting the Th2 dogma. Eur J Dermatol 
2006; 16: 103-13. 
31. Schram ME, Leeflang MM, DEN Ottolander JP, et al. Validation and refinement of the Millennium 
Criteria for atopic dermatitis. J Dermatol 2011; 38: 850-8. 
32. Punnonen J, Yssel H, de Vries JE. The relative contribution of IL-4 and IL-13 to human IgE 
synthesis induced by activated CD4+ or CD8+ T cells. J Allergy Clin Immunol 1997; 100: 792-801. 
33. Hajoui O, Janani R, Tulic M, et al. Synthesis of IL-13 by human B lymphocytes: regulation and role 
in IgE production. J Allergy Clin Immunol 2004; 114: 657-63. 
34. Yew NS, Zhao H, Przybylska M, et al. CpG-depleted plasmid DNA vectors with enhanced safety 
and long-term gene expression in vivo. Mol Ther 2002; 5: 731-8. 
35. Xiao T, Fujita H, Saeki H, et al. Thymus and activation-regulated chemokine (TARC/CCL17) 
produced by mouse epidermal Langerhans cells is upregulated by TNF-alpha and IL-4 and 
downregulated by IFN-gamma. Cytokine 2003; 23: 126-32. 
36. Mori T, Kabashima K, Yoshiki R, et al. Cutaneous hypersensitivities to hapten are controlled by 
IFN-gamma-upregulated keratinocyte Th1 chemokines and IFN-gamma-downregulated langerhans cell 
Th2 chemokines. J Invest Dermatol 2008; 128: 1719-27. 
37. Iwamoto I, Nakajima H, Endo H, Yoshida S. Interferon gamma regulates antigen-induced 
eosinophil recruitment into the mouse airways by inhibiting the infiltration of CD4+ T cells. J Exp Med 




38. Park CS, Choi EN, Kim JS, et al. Interferon-gamma inhibits in vitro mobilization of eosinophils by 
interleukin-5. Int Arch Allergy Immunol 2005; 136: 295-302. 
39. Luster AD. Chemokines--chemotactic cytokines that mediate inflammation. N Engl J Med 1998; 
338: 436-45. 
40. Kim CH, Broxmeyer HE. Chemokines: signal lamps for trafficking of T and B cells for 
development and effector function. J Leukoc Biol 1999; 65: 6-15. 
41. Nakagome K, Okunishi K, Imamura M, et al. IFN-gamma attenuates antigen-induced overall 
immune response in the airway as a Th1-type immune regulatory cytokine. J Immunol 2009; 183: 
209-20. 
42. Del Prete G. Human Th1 and Th2 lymphocytes: their role in the pathophysiology of atopy. Allergy 
1992; 47: 450-5. 
43. Kobayashi N, Nishikawa M, Hirata K, Takakura Y. Hydrodynamics-based procedure involves 
transient hyperpermeability in the hepatic cellular membrane: implication of a nonspecific process in 
efficient intracellular gene delivery. J Gene Med 2004; 6: 584-92. 
44. Jacobs F, Snoeys J, Feng Y, et al. Direct comparison of hepatocyte-specific expression cassettes 
following adenoviral and nonviral hydrodynamic gene transfer. Gene Ther 2008; 15: 594-603. 
45. Nishikawa M, Nakayama A, Takahashi Y, et al. Reactivation of silenced transgene expression in 
mouse liver by rapid, large-volume injection of isotonic solution. Hum Gene Ther 2008; 19: 1009-20. 
46. Khorsandi SE, Bachellier P, Weber JC, et al. Minimally invasive and selective hydrodynamic gene 
therapy of liver segments in the pig and human. Cancer Gene Ther 2008; 15: 225-30. 
47. Suda T, Suda K, Liu D. Computer-assisted hydrodynamic gene delivery. Mol Ther 2008; 16: 
1098-104. 
48. Hattori K, Nishikawa M, Watcharanurak K, et al. Sustained exogenous expression of therapeutic 
levels of IFN-gamma ameliorates atopic dermatitis in NC/Nga mice via Th1 polarization. J Immunol 
2010; 184: 2729-35. 
49. Oyoshi MK, He R, Kumar L, et al. Cellular and molecular mechanisms in atopic dermatitis. Adv 
Immunol 2009; 102: 135-226. 
50. Bieber T. Atopic dermatitis. Ann Dermatol 2010; 22: 125-37. 
51. Homey B, Steinhoff M, Ruzicka T, Leung DY. Cytokines and chemokines orchestrate atopic skin 
inflammation. J Allergy Clin Immunol 2006; 118: 178-89. 
52. Rebane A, Zimmermann M, Aab A, et al. Mechanisms of IFN-γ-induced apoptosis of human skin 
keratinocytes in patients with atopic dermatitis. J Allergy Clin Immunol 2012; 129: 1297-306. 
53. Chang TT, Stevens SR. Atopic dermatitis: the role of recombinant interferon-gamma therapy. Am J 
Clin Dermatol 2002; 3: 175-83. 
54. Akhavan A, Rudikoff D. Atopic dermatitis: systemic immunosuppressive therapy. Semin Cutan 
Med Surg 2008; 27: 151-5. 
55. Akdis M, Blaser K, Akdis CA. T regulatory cells in allergy: novel concepts in the pathogenesis, 
prevention, and treatment of allergic diseases. J Allergy Clin Immunol 2005; 116: 961-8; quiz 9. 
56. Ozdemir C, Akdis M, Akdis CA. T regulatory cells and their counterparts: masters of immune 
regulation. Clin Exp Allergy 2009; 39: 626-39. 
57. Larché M. Regulatory T cells in allergy and asthma. Chest 2007; 132: 1007-14. 
58. Zhao Z, Yu S, Fitzgerald DC, et al. IL-12R beta 2 promotes the development of CD4+CD25+ 




59. Wang Z, Hong J, Sun W, et al. Role of IFN-gamma in induction of Foxp3 and conversion of CD4+ 
CD25- T cells to CD4+ Tregs. J Clin Invest 2006; 116: 2434-41. 
60. Yamaoka K, Nakagawa T, Uno T. Statistical moments in pharmacokinetics. J Pharmacokinet 
Biopharm 1978; 6: 547-58. 
61. Simonsen L, Fullerton A. Development of an in vitro skin permeation model simulating atopic 
dermatitis skin for the evaluation of dermatological products. Skin Pharmacol Physiol 2007; 20: 230-6. 
62. Yamamoto M, Haruna T, Ueda C, et al. Contribution of itch-associated scratch behavior to the 
development of skin lesions in Dermatophagoides farinae-induced dermatitis model in NC/Nga mice. 
Arch Dermatol Res 2009; 301: 739-46. 
63. Hashimoto Y, Arai I, Nakanishi Y, et al. Scratching of their skin by NC/Nga mice leads to 
development of dermatitis. Life Sci 2004; 76: 783-94. 
64. Hashimoto Y, Takaoka A, Sugimoto M, et al. Itch-associated scratching contributes to the 
development of dermatitis and hyperimmunoglobulinaemia E in NC/Nga mice. Exp Dermatol 2011; 20: 
820-5. 
65. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, 
mechanisms and functions. J Leukoc Biol 2004; 75: 163-89. 
66. Finkelman FD, Katona IM, Mosmann TR, Coffman RL. IFN-gamma regulates the isotypes of Ig 
secreted during in vivo humoral immune responses. J Immunol 1988; 140: 1022-7. 
67. Palomares O, Yaman G, Azkur AK, et al. Role of Treg in immune regulation of allergic diseases. 
Eur J Immunol 2010; 40: 1232-40. 
68. Jung BG, Cho SJ, Ko JH, Lee BJ. Inhibitory effects of interleukin-10 plasmid DNA on the 
development of atopic dermatitis-like skin lesions in NC/Nga mice. J Vet Sci 2010; 11: 213-20. 
69. Liu FT, Goodarzi H, Chen HY. IgE, mast cells, and eosinophils in atopic dermatitis. Clin Rev 
Allergy Immunol 2011; 41: 298-310. 
70. Takahashi N, Arai I, Honma Y, et al. Scratching behavior in spontaneous- or allergic 
contact-induced dermatitis in NC/Nga mice. Exp Dermatol 2005; 14: 830-7. 
71. Miller CH, Maher SG, Young HA. Clinical Use of Interferon-gamma. Ann N Y Acad Sci 2009; 
1182: 69-79. 
72. Schneider LC, Baz Z, Zarcone C, Zurakowski D. Long-term therapy with recombinant 
interferon-gamma (rIFN-gamma) for atopic dermatitis. Ann Allergy Asthma Immunol 1998; 80: 263-8. 
73. A controlled trial of interferon gamma to prevent infection in chronic granulomatous disease. The 
International Chronic Granulomatous Disease Cooperative Study Group. N Engl J Med 1991; 324: 
509-16. 
74. Stuart K, Levy DE, Anderson T, et al. Phase II study of interferon gamma in malignant carcinoid 
tumors (E9292): a trial of the Eastern Cooperative Oncology Group. Invest New Drugs 2004; 22: 75-81. 
75. Ando M, Takahashi Y, Nishikawa M, et al. Constant and steady transgene expression of interferon-
γ by optimization of plasmid construct for safe and effective interferon-γ gene therapy. J Gene Med 
2012; 14: 288-95. 
76. Borden EC, Sen GC, Uze G, et al. Interferons at age 50: past, current and future impact on 
biomedicine. Nat Rev Drug Discov 2007; 6: 975-90. 
77. Goodbourn S, Didcock L, Randall RE. Interferons: cell signalling, immune modulation, antiviral 




78. Saha B, Jyothi Prasanna S, Chandrasekar B, Nandi D. Gene modulation and immunoregulatory roles 
of interferon gamma. Cytokine 2010; 50: 1-14. 
79. Gasparri AM, Jachetti E, Colombo B, et al. Critical role of indoleamine 2,3-dioxygenase in tumor 
resistance to repeated treatments with targeted IFNgamma. Mol Cancer Ther 2008; 7: 3859-66. 
80. Zaidi MR, Merlino G. The two faces of interferon-γ in cancer. Clin Cancer Res 2011; 17: 
6118-24. 
81. Brandacher G, Winkler C, Schroecksnadel K, et al. Antitumoral activity of interferon-gamma 
involved in impaired immune function in cancer patients. Curr Drug Metab 2006; 7: 599-612. 
82. Katz JB, Muller AJ, Prendergast GC. Indoleamine 2,3-dioxygenase in T-cell tolerance and tumoral 
immune escape. Immunol Rev 2008; 222: 206-21. 
83. Dai X, Zhu BT. Indoleamine 2,3-dioxygenase tissue distribution and cellular localization in mice: 
implications for its biological functions. J Histochem Cytochem 2010; 58: 17-28. 
84. Mellor AL, Munn DH. Tryptophan catabolism and T-cell tolerance: immunosuppression by 
starvation? Immunol Today 1999; 20: 469-73. 
85. Wirleitner B, Neurauter G, Schröcksnadel K, et al. Interferon-gamma-induced conversion of 
tryptophan: immunologic and neuropsychiatric aspects. Curr Med Chem 2003; 10: 1581-91. 
86. Terness P, Bauer TM, Röse L, et al. Inhibition of allogeneic T cell proliferation by indoleamine 
2,3-dioxygenase-expressing dendritic cells: mediation of suppression by tryptophan metabolites. J Exp 
Med 2002; 196: 447-57. 
87. Frumento G, Rotondo R, Tonetti M, et al. Tryptophan-derived catabolites are responsible for 
inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-dioxygenase. J Exp Med 
2002; 196: 459-68. 
88. Zamanakou M, Germenis AE, Karanikas V. Tumor immune escape mediated by indoleamine 
2,3-dioxygenase. Immunol Lett 2007; 111: 69-75. 
89. Liu X, Newton RC, Friedman SM, Scherle PA. Indoleamine 2,3-dioxygenase, an emerging target 
for anti-cancer therapy. Curr Cancer Drug Targets 2009; 9: 938-52. 
90. Koblish HK, Hansbury MJ, Bowman KJ, et al. Hydroxyamidine inhibitors of 
indoleamine-2,3-dioxygenase potently suppress systemic tryptophan catabolism and the growth of 
IDO-expressing tumors. Mol Cancer Ther 2010; 9: 489-98. 
91. Liu X, Shin N, Koblish HK, et al. Selective inhibition of IDO1 effectively regulates mediators of 
antitumor immunity. Blood 2010; 115: 3520-30. 
92. Löb S, Königsrainer A, Rammensee HG, et al. Inhibitors of indoleamine-2,3-dioxygenase for cancer 
therapy: can we see the wood for the trees? Nat Rev Cancer 2009; 9: 445-52. 
93. Hoshi M, Ito H, Fujigaki H, et al. Indoleamine 2,3-dioxygenase is highly expressed in human adult 
T-cell leukemia/lymphoma and chemotherapy changes tryptophan catabolism in serum and reduced 
activity. Leuk Res 2009; 33: 39-45. 
94. Wärri AM, Huovinen RL, Laine AM, et al. Apoptosis in toremifene-induced growth inhibition of 
human breast cancer cells in vivo and in vitro. J Natl Cancer Inst 1993; 85: 1412-8. 
 
	 
